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ABSTRACT 


4 

The  optical  constants  n  and  k  have  been  determined  in  the  700  - 
1200  cm  *  wavenumber  region  for  a  boron  carbide  flat  of  compressed 
2  micrometer  diameter  particles  by  the  polarized  reflection  method. 

A  broad  absorption  band  has  been  found  near  1050  cm  \  where  k  reached 
values  of  1  to  2  and  n  of  lower  than  1.5.  The  scatter  of  the  data  points 
was  large,  probably  because  of  the  demonstrated  presence  of  up  to  107. 
of  iron  oxide  on  the  surfaces  (by  SEM/X-ray) . 

More  accurate  procedures  are  suggested  for  future  work.  The 
suspension  of  the  particles  in  one  arm  of  a  Michelson  interferometer 
is  probably  the  most  direct  and  superior  method  for  obtaining  n  and 
k  for  such  particles. 

V 


I.  INTRODUCTION 


Boron  carbide  has  been  suggested  as  a  material  suitable  for  obscura¬ 
tion  against  thermal  imaging.  Early  work  by  Brame^  and  coworkers,  using 
the  KBr  disk  dispersion  method,  showed  a  broad  absorption  band  near  9.5  pm 
and  a  weak  band  near  12 .5  Jim,  the  former  band  overlapping  one  of  the  CO2 
laser  bands  (9.6  pm).  It  has  been  shown  that  obscuration  by  small  absorbing 
particles  is  more  effective  than  general  absorption  and  scattering  by  an 
aerosol  spray. 

The  obscuration  characteristics  of  a  powder  depend  on  the  complex 
index  of  refraction  at  the  required  wavelengths  in  the  atmospheric  window, 
which  is  8  -  14  pm  in  the  mid-infrared,  and  on  particle  size,  shape  and 
concentration.  However,  the  two  parts  of  the  complex  index,  the  real  and 
the  imaginary  part,  which  are  the  optical  constants  n  and  k,  themselves  depend 
on  particle  size  and  shape  and  --  to  make  things  even  more  complicated  -- 
are  not  independent  of  each  other.  The  pragmatic  way  of  measuring  these 
quantities  and  their  interrelation,  namely  by  field  trials,  is  costly  and 
not  really  practical,  since  different  conditions  and  their  interactions 
would  require  exploration.  The  closest  laboratory  simulation  of  field 
conditions  would  seem  to  be  dispersion  of  the  powder  in  one  arm  of  a 
two-beam  interferometer  and  comparison  with  a  reference  phase  and 
intensity.  Stabilization  of  the  powder  as  an  aerosol  should  not  be  too 
difficult  to  obtain.  This  method  was  given  much  thought,  but  was  not 
applied  because  enough  time  on  our  infrared  interferometer  was  not  avail¬ 
able.  This  was  unfortunate,  because  the  data  so  obtained  would  have  been 
applicable  to  the  problem  at  hand  with  only  a  minimum  of  theoretical 
interfacing . 
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Next  in  line  of  sophistication  appeared  to  be  Brame' s  method ,  already 

referred  to,  i.e.  the  determination  of  transmittancy  through  KBr  disks  in 
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which  boron  carbide  powder  is  dispersed.  Huffman  recently  advanced  this 
procedure  to  make  it  more  pertinent  to  the  obscuration  problem.  Our  exper¬ 
ience  with  the  KBr  technique  in  an  analytical  laboratory  warned  us  of  a 
number  of  difficulties,  such  as  nonuniform  dispersion,  accumulation  of  impu¬ 
rities,  especially  water,  at  interfaces,  particle  size  and  concentration 
effects,  etc.  Huffman  has  been  able  to  minimize  these  difficulties  by 
careful  attention  to  detail. 

Given  the  various  restrictions  and  our  desire  to  make  a  beginning  in 
this  study,  we  decided  on  using  the  polarized  reflectance  method  with  a 
polished  plate  of  compressed  boron  carbide.  This  was  not  the  procedure 
we  had  originally  proposed,  but  we  thought  it  would--and,  in  fact,  it 
did--give  us  better  insight  into  the  overall  problem  and  provide  some 
preliminary  data.  It  would  then  become  the  basis  for  an  adaptation  of 
the  interferometer  method  at  some  later  time. 


II.  MATERIAL 


Boron  carbide  is  heterotropic;  however,  it  is  not  too  far  from  being 
isotropic,  being  hexagonal  and  rhombohedral ,  so  that  a  diamond-polished 
compressed  and  sintered  disk  should  present  an  average  and  representative 
surface.  The  Norton  Company  supplied  us  with  a  5mm  thick  plate,  which 
was  cut  with  a  diamond  saw  to  10mm  x  10mm  square.  The  large  surfaces  were 
diamond-turned  to  a  flatness  and  polish  of  better  than  1  pm.  A  specimen 
was  coated  by  evaporation  with  a  thin  layer  of  gold  and  examined  under 
the  scanning  electron  microscope  (SEM) .  Figure  1  shows  a  representative  _ 
picture  at  a  magnification  of  1000X .  This  picture  was  obtained  with 
back-scattered  electrons,  since  this  mode  showed  more  detail.  The  lighter 
particles  amounting  to  about  10%  of  the  areas  studied  turned  out  to  con¬ 
tain  significant  amounts  of  iron  (by  X-ray  scattering  built  into  the 
SEM).  The  surface  concentration  of  iron  is  thus  much  above  the  bulk 
concentration  given  by  Norton  as  0.5  -  0.97». 

The  bulk  density  of  the  specimen  was  only  1.2  g/ml--whereas  the 
particle  density  (by  Norton)  is  a  2.5  g/ml.  Accordingly  the  reflectivities 
of  such  a  surface,  assuming  uniform  porosity  should  be  increased  by  a 
factor  of  two.  However,  nothing  in  the  electron  photomicrographs  would 
indicate  the  need  for  such  a  correction.  Perhaps  the  "black  holes"  were 
filled  in  during  the  polishing  operation.  Furthermore,  as  will  be  shown, 
such  high  reflectivities  could  not  be  reconciled  with  possible  optical 


III.  APPARATUS 


The  instrument  used  for  the  reflectance  measurements  was  a  Model  221 
Perkin-Elmer  double-beam  grating  spectrophotometer  with  a  Harrick  reflec¬ 
tance  adapter  (VRA  and  VARA)  containing  a  mirror  system  automatically 
equating  angles  of  incidence  and  reflection.  The  optics  is  shown  in 
Figure  2.  The  original  plan  was  to  use  internal  reflection  with  the 
germanium  hemicylinder,  according  to  the  arrangement  of  Figure  2a. 
Considerable  effort  was  spent  on  making  good  contact  between  the  flat 
germanium  surface  and  the  boron  carbide  surface.  It  did  not  work.  To 

convince  ourselves  that  our  unit  functioned  properly  we  duplicated 
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Robinson  and  Price's  work  on  teflon  and  experienced  no  difficulty. 
Admittedly,  we  avoided  exerting  much  pressure  to  force  the  boron  carbide 
and  germanium  surfaces  against  each  other  for  fear  of  breakage.  By 
contrast,  teflon  would  flow  under  pressure.  Given  more  time, a  liquid 
of  suitable  index  of  refraction  could  have  been  used  as  an  interface, 
perhaps  on  a  KRS-5  hemicylinder  instead  of  a  germanium  hemicylinder . 

The  latter  material  was  not  available,  however,  and  the  selection  of  a 
fluid  (no  absorption  bands  in  the  pertinent  wavelength  region  and  an  index 
of  refraction  equal  to  that  of  KRS-5)  would  have  had  to  be  done  with  care. 
For  internal  ref lection--it  will  be  recalled--the  refractive  index  of  the 
hemicylinder  must  always  exceed  that  of  boron  carbide.  Thus,  reluctantly , 
internal  ref lection--the  procedure  most  successfully  used  for  the  deter¬ 
mination  of  the  optical  constants  of  liquids  by  Crawford  and  coworkers*4 -- 
had  to  be  abandoned  and  specular  reflection  used  instead. 

Two  principal  difficulties  were  noted  with  the  specular  reflection 
arrangement:  (i)  Since  the  focus  had  to  be  located  at  the  boron  carbide 
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surface,  there  had  to  be  some  angular  spread.  It  was  about  +  2  degrees. 

The  angular  sensitivity  was  thus  reduced,  (ii)  The  area  illuminated  would 
vary  with  angle  since  the  focal  image  on  the  boron  carbide  surface  was 
not  just  a  "point".  We  therefore  took  pains  to  measure  a  standard  gold 
surface  in  exactly  the  same  way  as  the  boron  carbide  surface.  However , 
large  angles  of  incidence  turned  out  to  be  very  difficult  to  handle  for 
this  reason  and  very  small  angles  could  not  be  accommodated  by  the  Harrick 
design.  Our  range  of  angles  of  incidence  was  therefore  limited  to  40°  - 
60°.  For  this  reason  we  chose  to  vary  the  plane  of  polarization  at  a 
fixed  angle  for  the  optical  constant  determinations,  rather  than  the 
angles  of  incidence. 

The  polarizer  used  was  purchased  from  Cambridge  Instruments  of  England. 
It  consists  of  a  one-inch  diameter  disk  of  KRS-5  containing  aluminized 
parallel  wires  0.4  pm  apart.  It  therefore  covers  the  entire  mid-infrared 
range  with  an  efficiency  of  better  than  95%.  The  theory  of  parallel  wire 
polarizers  shows  that  radiation,  whose  electric  vector  is  in  a  plane 
perpendicular  to  the  direction  of  the  wires,  is  transmitted. 

Since  the  spectrophotometer  is  a  double-beam  one  designed  for  absorp¬ 
tion  spectroscopy,  it  is  necessary  to  have  either  an  identical  reflectance 
adapter  in  the  reference  beam  or  an  attenuator  to  compensate  for  the 
radiation  loss  in  the  adapter.  The  latter  course  was  chosen  to  avoid  the 
high  cost  of  another  adapter.  The  attenuator  used  was  made  by  Research 
and  Industrial  Instruments  Corporation  0f  London,  England.  It  consists  of 
a  stationary  and  a  rotating  comb  of  variable  position  and  a  screen  holder 
accommodating  screens  of  different  mesh  size.  Calibration  of  the  screens 
and  the  angular  positions  was  accomplished  by  placing  the  attenuator  into 
the  sample  beam  and  comparing  it  with  the  unobstructed  reference  beam. 
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Originally  the  two  beams  were  adjusted  to  be  >£  equal  strength.  Differences 
on  account  of  the  attenuator  could  be  directly  converted  to  "fraction  trans¬ 
mitted"  . 

Since  the  instrument  was  designed  for  absorption  spectrophotometry, 
the  chart  paper  is  marked  in  a  logarithmic  manner,  recording  the  "absorb¬ 
ance"  (base-10  logarithm  of  the  reciprocal  of  the  fraction  of  incident 
radiation  transmitted  at  the  sample  side)  .  The  procedure  of  handling 
the  data  will  be  shown  in  the  following  section. 


IV.  EXPERIMENTAL  PROCEDURE 


The  attenuator  and  screens  were  calibrated  for  various  openings, 
i.e.  "absorbances"  were  determined  for  them.  The  reflection  adapter  was 
placed  in  the  sample  position  of  the  spectrophotometer  and  aligned  for 
optimum  signal  output  according  to  the  directions  of  the  manufacturers. 

A  gold  surface  was  placed  at  the  focal  position  (Figure  2).  The  appro¬ 
priate  attenuator  screen  and  position  was  selected  to  permit  adjustment 
of  the  scale  to  a  reading  of  zero  absorbance  (100%  transmittance,  in  this 
case  100%  reflectance)  at  the  wavenumber  of  maximum  signal  strength. 

Since  the  instrument  was  thus  working  at  a  lower  level  of  radiation  and 
therefore  at  a  lower  signal/noise  ratio  than  is  normal,  the  time  constant 
and  the  scanning  time  had  to  be  increased  considerably.  The  wavenumber 
region  from  1200  to  700  cm  1  was  scanned,  using  a  standard  slit  program. 

The  run  was  repeated  with  the  polarizer  in  the  beam,  both  with  the  plane 
of  polarization  in  the  plane  of  incidence  and  with  the  plane  of  polarization 
at  right  angles  to  the  plane  of  incidence. 

Then  the  boron  carbide  surface  was  exchanged  for  the  gold  surface  and 
the  same  three  scans  (unpolarized,  polarized X ,  and  polarized  || )  were 
performed.  Since  boron  carbide  reflected  less  of  the  incident  beam  than 
gold  (whose  reflectivity  was  assumed  to  be  unity) ,  it  was  necessary  to 
place  different  screens  into  the  attenuator  and  to  change  the  angular  position 
of  the  combs  from  what  they  were  with  the  gold  surface.  The  reflectivity  of 
boron  carbide  relative  to  that  of  gold  was  calculated  from  the  equation 
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where  A^,  =»  apparent  absorbance  of  the  boron  carbide  surface 

£ 

Ag£  *  absorbance  reading  for  the  boron  carbide  surface 

g 

Age  *  absorbance  of  the  attenuator  and  screens  used  with 
the  boron  carbide  scan 

£ 

■  absorbance  reading  for  the  gold  surface 

g 

A  *  a^8or^ance  reading  of  the  attenuator  and  screens  used 
with  the  gold  surface  scan 

Prior  to  every  scan  the  surface  was  cleaned  with  distilled  water 
and  acetone  and  the  mirrors  realigned.  Slight  changes  of  mirror  angles 
were  inevitable  whenever  the  specimen  holder  was  removed  and  re-inserted. 
Every  scan  was  repeated;  reasonable  duplicates  were  obtained  (+  10%  of 
absorbance  reading) .  The  scanning  time  for  the  1200  -  700  cm  ^  wavenumber 
range  was  about  two  hours.  Scans  were  made  at  several  angles  by  incidence, 


but  40  -  60  gave  the  most  consistent  results.  A  consistency  check  was 
carried  out  at  an  angle  of  incidence  of  45°  degrees;  as  Berrema^  has 
shown  the  and  Rj^  reflectances  should  then  be  equal. 
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V.  DATA  PROCESSING 


The  Fresnel  equations  which  express  the  reflecting  power  of  a  given 
substance  as  a  function  of  the  optical  constants,  n  and  k,  and  9,  the  angle 
of  incidence,  can  be  written  as  follows: 


R 

s 


(cos  6  -  E)2  -4-  F2 
(cos  9  +  E) 2  +  F 


(3) 


where  A 


R  3  R„ 

P  l\ 


2  2 
n  (1-0 


(A  cos  9  -  E)  -f  (G  cos  9  -  F) 

2  2 
(A  cos  6+E)  +  (G  cos  0  +F) 


(4) 


_  TA  -  sin2e  +  (A-sin20)2  +  4n\2  1/2 

E  =L - ^  2 - - j 

F  ,  C (A  -  sin29)2  4-  4n\21^  -  A  +  sinV  1/2 

L  2  J 

G  *  n^ 

and  the  ratio  of  refractive  indices  is  given  by  equation  (5) 

n  =  i»2/n1  (5) 

where  the  subscript  1  refers  to  the  incident  medium  and  the  subscript 
2  refers  to  the  medium  under  investigation.  In  the  case  of  internal 
reflection  n^  is  a  function  of  wavelength;  in  the  case  of  external 
reflection  medium  1  is  air  or  vacuum  and  n^  =  1.  It  is  assumed  that 
k^  (the  attenuation  index  of  the  incident  medium  is  zero  so  that  k^ 

(the  attenuation  index  of  the  incident  medium  is  zero  so  that  k  above 


is  k2. 

Furthermore 


R  -  *(R  +  R) 
s  p 


(6) 
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The  above  equations  are  given  in  the  form  they  were  written  down  by 

Rusch,  Koehler  and  Labowski^,  with  one  important  exception:  Wherever  these 

2  4  2  4  2  2 

authors  wrote  n  k  and  nk  ,  we  substituted  n  k  and  n  k.  Checking  through 

the  complete  derivations  showed  us  that  these  errors  were  made. 

We  then  had  these  equations  calculated  and  plotted  according  to  Simon's 

method  for  every  10°  degrees  change  of  angle  of  incidence  between  0°  and 

90°,  using  the  computer  program  of  Appendix  I.  Figures  3  show  the 

plots.  Plots  for  other  angles  of  incidence  can  be  obtained  from  the  program 

The  Fresnel  equations  are  functions  of  three  variables;  however,  once 

an  angle  of  incidence  has  been  fixed  the  equations  contain  only  two 

unknowns,  n  and  k.  Thus  several  experimental  methods  are  suggested,  e.g. 

(1)  R  at  0  and  0  ,  (2)  R  at  0  and  0O,  (3)  R  ,  R  at  0 ,  (4)  R,  R  at 
Si  t  pi  Z  s  p  s 

0....  As  mentioned  earlier,  it  turned  out  that  the  last  method  was  easier 
since  the  specimen  area  illuminated  could  be  kept  constant.  However,  the 
other  methods  were  also  tried. 

The  graphs  can  be  used  with  any  of  these  methods.  Only  one  combination 

of  n  and  k  will  fit  two  graphs,  e.g.  Rg  vs  n  at  a  given  0,  simultaneously. 
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For  method  (3),  Heilmann  and  Abel's  have  shown  an  explicit  solution 
for  n  and  k,  for  k  <  n,  viz. 


n 


(z  -  w  +  ./2z  sin2  0  +  w“ 


(7) 


k 


(-z  +w+^2z  sin*  8+^ 


or  less  directly. 


2 

n 


+  k 


Jlz  sin*  0  +  w2 


(8) 


(9) 


(10) 


Here  w  and  Jz~  are  obtained  from 


w  =>  tan2  9 


tan  0  - ^ 


yr 


tan2  9-1  q 
.  cos  0  tan2  9  -  p, 


where  p 


R  -  R  1  +  R 

_2 _ E  .  _ £ 

R  +R  1  -R 

s  p  s 


and  a  = 


R  -R 
-  s  £. 
R  +R 
s  p 


These  relations  are  also  consistant  with  the  Kramers-Kronig  equations 
relating  n  ana  k. 

We  found  it  easier  to  use  the  graphic  method  first  and  then  check 

the  results  by  the  analytic  expressions,  even  for  the  R  ,  R  ,  0  method, 

p  s 

since  no  errors  are  allowed  by  the  analytic  expressions.  Furthermore, 
in  our  case  the  simplifying  assumption,  k  <  n,  was  not  generally  true. 
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VI.  RESULTS 


Figures  4  and  5  show  n  and  k  as  obtained  by  the  Robinson-Price  method, 

i.e.  from  R  ,  R  ,  and  R,  using  the  plots  of  Figure  3  and  graphical  matching. 
P  S 

The  results  appear  to  be  reasonable  for  the  frequency  region.  The  scatter 
of  the  points  is  appreciable,  but  a  wide  absorption  peak  near  1050  cm  ^  is 
clearly  shown.  Hence  the  behavior  of  k  is  reasonable.  The  refractive 
index  values  (n)  are  consistent  between  Figures  4  and  5,  within  our  limits 
of  error,  but  the  expected  initial  rise  of  n  did  not  come  out  of  the  curve 
fitting,  although  some  high  values  were  observed.  An  earlier  set  of  data 
plots  obtained  for  a  different  angle  of  incidence  (Figure  6)  did  show  the 
rise  (by  just  two  points),  but  also  showed  the  dip  and  the  dip  more  clearly. 
Figure  7  shows  the  reflectivities  from  which  these  data  were  calculated. 

The  scatter  of  the  points  may  have  a  number  of  reasons,  but  the  non- 
uniformity  of  the  surface  (Figure  1)  caused  largely  by  the  patches  of  iron 
oxide  could  be  the  principal  factor. 

We  found  the  graphical  method  was  preferable  over  direct  computation 
largely  because  of  the  scatter  of  the  points. 
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VII.  DISCUSSION 

The  limitations  of  the  reflection  method  are  quite  clear  as  the 
comparison  given  by  Huffman^  has  shown.  An  "absorption"  spectrum  of  a 
KBr  disc  containing  suspended  particles  of  a  very  limited  size  range 
appears  to  be  more  direct.  This  author  is,  however,  well  aware  of  many 
difficulties  of  the  pressed  KBr  technique  in  quantitative  infrared 
spectroscopy  and  some  of  them  would  seem  to  be  applicable  here  as  well. 
As  our  SEM/X-ray  measurements  have  shown  contaminants  prefer  to 
accumulate  at  interfaces.  The  interface  area  of  suspended  particles 
is  extremely  large.  Infrared-invisible  contaminants  may  affect  the 
scattering  characteristics  of  other  material. 

We  tried  to  correct  for  the  differences  between  bulk  and  particle 
densities  by  assuming  a  proportion  of  "black"  holes  on  the  reflecting 
surfaces.  However,  it  turned  outf  to  be  impossible  to  get  consistent 
results.  Judging  from  the  SEM  photos,  it  would  seem  that  the  holes 
were  "filled  in"  in  the  polishing  operation. 


VIII.  SUGGESTED  FURTHER  WORK 


This  report  section  was  long  delayed  because  we  far  exceeded  the 
allotted  funds  ($6000  for  two  different  areas  of  work,  this  being  one  of 
them)  and  yet  were  intrigued  by  the  problem  sufficiently  to  look  for 
better  approaches.  However,  unallocated  time  was  hard  to  find  on  our 
instrumentation.  For  example,  substitution  of  a  boron  carbide  surface 
(a  diamond- turned,  laser-quality  surface)  for  part  of  the  stationary  mirror 
in  a  Michelson  interferometer  would  be  a  more  direct  procedure  to  obtain 
phase  changes  on  reflection  and  thus  the  optical  constants  (Parker  et. 
al.^).  However,  the  most  direct  approach  to  the  problem  at  hand  would 
seem  to  be  the  filling  of  one  arm  of  the  Michelson  interferometer  with 
the  boron  carbide  dust.  An  analogous  procedure  has  been  used  to  get  accurate 
absorption  spectra  of  gases  at  low  pressure. 


I 

I 
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Figure  3.1.1  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
0  degrees  . 
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series  of  absorption  coefficients.  The  angle  of  incidence  is 
0  degrees. 
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Figure  3,1.3  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
0°  degrees  . 
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Figure  3.2.3  Simon  pLots  of  index  of  refraction  against  ref lec t ivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
10  degrees. 
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Figure  3.4.1  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 

30  degrees. 
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Figure  3.4.2  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
30  degrees  . 
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Figure  3.5. L  S imon  plots  of  index  of  refraction  against  reflectivities  for 

series  of  absorption  coefficients.  The  angle  of  incidence  is 
40  degrees  . 
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igurc  3.5.2  Simon  plots  of  index  of  refraction  against  reflectivities  fi¬ 
neries  of  absorption  coefficients.  The  angle  of  incidence's 
40  degrees. 


Figure  3.5.3  S imOn  plots  of  index  of  refraction  against  reflectivities  for 

series  of  absorption  coefficients.  The  angle  of  incidence  is 
40  degrees  . 
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Figure  3.6.1 
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Figure  3.6.2  Simon  plots  of  index  of  refraction  against  reflectivities  for 
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Figure  3.6.3  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
50  degrees. 


7.1  Simon  plots  of  index  of  refraction  against  reflectivities  fo 
series  of  absorption  coefficients.  The  angle  of  incidence*  i 
60  degrees  . 
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Figure  3.7.2 


Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
60  degrees. 
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Figure  3.7.3  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
60°  degrees  . 
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Figure  3.8.2  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
70  degrees  . 
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Figure  3.8.3  Simon  plots  of  index  of  refraction  against  reflectivities 
series  of  absorption  coefficients.  The  angle  of  incidence 
70  degrees. 
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Figure  3.10.2 
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Figure  3.10.3  Simon  plots  of  index  of  refraction  against  reflectivities  for 
series  of  absorption  coefficients.  The  angle  of  incidence  is 
90  degrees. 


Figure  4  Refractive  index  agd  absorption  coefficient  for  boron  carbide 
as  measured  for  40  degrees  incidence 


Refractive  index  and  absorption  coefficient  for  boron  carbide  as 
measured  for  60  degrees  incidence 
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Figure  6  Refractive  index  and  absorption  coefficient  for  boron  carbide  as  measured 
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